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INTRODUCTION

Sliding surface damage can occur under extremely small amplitude slip conditions. The primary
difference in damage resulting from small amplitude fretting type motions, as compared to gross sliding, is
in the degree or severity of surface damage. Fretting wear is usually mild and produces a fine oxidized form
of wear debris. Wear coefficients -3flect this and are usually small and of the order of 10 exp -7 to 10 exp
-9. Gross sliding, on the other hand, is commonly associated with much larger wear particles and wear
coefficients that are several orders of magnitude greater than those observed in low amplitude fretting. In a
previous study of extremely small amplitude slip (0 to 5 p.m) on the fretting of SAE 51200 steel(1), surface
damage in the wear scar region, although partially hidden by debris, was minimal. This general absence of
surface damage allowed the observation of several interesting transitions in the fretting wear process that
included initially mild oxidation or staining, followed by a mild polishing type of wear process. At higher
amplitude slip, wear was more abrsasive and characterixed by microcrack formation in the wear region. In
addition to these reported changes in surface morphology as a function of slip amplitude, an elastic analysis
of the wear scars indicated that the coefficient of friction for SAE 52100 steel would need to be
approximately 1.5 in order to elastically account for observed change in wear scar dimensions as a function
of applied slip amplitude.

The primary objective in this study was to determine what factors were responsible for the development
of the unusual wear scar patterns that were observed in the previous study(1). The approach consisted of
conducting experiments that would elucidate surface damage mechanisms operating at small amplitude slip
and would also clarify what factors were responsible for the predicted high coefficient of friction. This coeffi-
cient of friction was based on an elastic analysis developed by Deresiewicz(2) for two elastic spheres
subjected to an oscillating torsional couple. A possible reason that mighit account for the predicted high
coefficient of friction would be the inability of this model to account for the effect of wear debris in the
contact zone.

In the previous studies(1,3) a profuse amount of dark red wear debris was observed in the wear area
even though extremely small slip amplitudes were used in testing. The minimal surface damage that would
be expected with low amplitude slip was offset in the previous experiments(1,3) since the duration of test
was relatively long. Testing exceeded over 2.3 million stress cycles. In the case of a ball on flat configuration,
this wear debris, in addition to hiding scar characteristics, would be expected to alter the normal stress
distribution across the ball/flat contact area and this factor could then change the wear scar dimensions.
These dimensions in turn, formed the basis of the elastic analysis. An alternate hypothesis that could
account for a very high coefficient of friction would require the assumption that the surface morphology in
the contact zone changes under load. Under sufficiently high pressures, carbides particles might protrude p

from the surface and alter the lubricating characteristics of the oxide film. The intent of this study was to test
these hypotheses and to determine factors responsible for the transitions observed in the fretting process at
low amplitude slip.

.5.
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BACKGROUND

The objective of the previous investigation(1) was to determine the minimum slip amplitude associated
with surface damage so that this could be incorporated in future aircraft design work. The intent of this
investigation was to study the mechanism responsible for the fretting of SAE 52100 steel by correlating
applied slip amplitude with type of surface damage. Relatively little work has been done on the effect of
extremely small slip amplitudes (i.e., 0 to 10 pm) on fretting. Most of the undertakings in this region were
concerned with evaluating the elastic and plastic behavior of materials. Some of the work in this region and
other work at higher amplitude slip were related to the determination of the extent of fretting damage as a
function of slip amplitude. For example, the upper limit of motion was estimated by Halliday(4) and Ohmae
and Tsukizoe(5) as being approximately 250-300 pm. Beyond this length, the fretting wear process would
change to wear more typical of unidirectional sliding. The lower limit or the minimum amount of slip
necessary to produce fretting is more difficult to define. In the case of two contacting bodies, a certain
amount of the applied motion would be taken up elastically and the remainder of the applied motion would
be taken up as slip. This relative or elastic microdisplacement would be greater than zero and would have a
maximum value equal to that produced by a tangential force just less than that of limiting friction(6). Thus,
fretting would require microdisplacements in excess of this minimum value. Johnson(6) in very accurate
work, measured elastic microdisplacement values of 1 to 3 pm preceding large scale slip for steel on steel.
Courtney-Pratt and Eisner(7) reported similar data and also showed that the displacement necessary to
produce slip was decreased in tne presence of lubricant. The exact value for the amount of elastic
deformation that preceeds slip would, of course, be dependent upon experimental conditions. In the
previous study(1) we reported a value of 0.06 pm for the minimum slip amplitude associated with oxidative
damage. Surface staining was observed at this applied slip amplitude. This value of 0.06 pm was measured
at the low pressure edge of the wear scar where elastic deformation would be minimal and would thus
indicate the actual amount of slip necessary to produce the first evidence of fretting. This value is
significantly greater than the value of 0.002 pm as reported by Tomlinson(8). Sato et. al.,(9) using a steel ball
and glass flat configuration reported visual evidence of surface damage at a slip amplitude of 4 um. The
minimum slip amplitude associated with surface damage was not evaluated in the above study.

EXPERIMENTAL

APPARATUS AND PROCEDURES

The test specimen configuration used in this study is shown in Fig. 1. The ball specimens were standard
grade 25 E.P. 12.7-mm SAE 52100 steel balls. The flats were machined from SAE 52100 steel and were
heat treated to a final hardness of Rc 64. Flat specimens were then hand polished using 0.3 and 0.05-um
alumina. Both the ball and flat specimens were washed in boiling stoddard solvent and rinsed in petroleum
ether prior to testing. The test specimens were then inserted into a fretting test rig under 9 kg load. This test
rig was previously described(1). Most conventional wear test devices using a ball on flat type of specimen
arrangement would normally generate fretting wear by imparting a linear oscillatory motion to one of two
contacting specimens under load conditions. The length of this back-and-forth displacement would be
defined as the slip amplitude. Alternately, a similar type of fretting motion can be produced by using an
angular displacement rather than a linear displacement. Loading of a ball against a flat, as shown in Fig. 1,
produces a circular Hertzian contact region which defines the actual damage or wear area. Under normal
test conditions, the contact area would have a radius of approximately 0.15 mm. During testing, the ball
specimen is held stationary and an oscillatory twisting type of motion through an angle, theta, is imparted to
the flat specimen. This motion was about the Z-axis which is normal to and through the center of the ball/flat
contact region. The slip amplitude at the edge of the ball/flat contact area can be easily calculated knowing
the magnitude of the angle of twist and the radius of the contact area. The primary experimental variables
were the angle of twist or slip amplitude, the normal load and the duration of test. Duration of test was one of
the primary experimental variables analyzed in this study. In previous testing, fretting specimens were
analyzed after 2.3 million fretting cycles. In this study, the majority of test specimens were analyzed after
12.600 fretting cycles.

'~ . ' ? '~~'*'~ u ~ 'd. *'~ ~**$ ~ ~ ~ *% 44~4, ~ 4 2
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WEAR SCAR ANALYSIS

A typical wear scar, resulting from the oscillatory torsional motion of a ball against a flat, is illustrated in
Fig. 2. The outer diameter of the wear scar can be calculated using the Hertz equations. The inner diameter P
would be dependent on normal and shear stresses. This can be seen by considering a ball resting on a flat
plate under elastically loaded conditions. This will produce a normal stress distribution over the ball/flat
contact area. This stress would be zero at the edge of the contact and a maximum in the center. Application
of a shearing or twisting force to the flat produces a shear stress distribution that would have a maximum
near the edge of the contact area and a minimum in the center. Estimates of the shapes of these
distributions are shown in Fig. 2. The action of these two opposing forces can produce relative motion or
sliding in the Hertzian contact region.

'I.

Relative motion or sliding requires that the applied shearing force must exceed the product of the static
coefficient of friction and the normal load. The inner dash lines in Fig. 2 represent a radius which can be
defined as the locus of those points at which the ratio of the shear to normal stress is exactly equal to the
static coefficient of friction. Thus, relative motion or sliding can only occur at radii greater than the inner
radius shown in Fig. 2 or outside of the inner dash line region. This region is called the slipped region.
Inside of the dash line region in Fig. 2 or in the central region of the contact area, the converse will hold true
and the shearing force will always be less than the product of the normal stress and coefficient of friction and
thus, all motion will be taken up elastically. This is normally referred to as the locked region.

Slip can not be directly calculated along the radius of the wear scar using the applied angle of twist. At
the edge of the locked region, no motion can occur since all applied motion will result in elastic deformation.
Elastic deformation effects must also be taken into consideration at all other points in the wear scar region
except at the edge of the slipped region. At this point the normal stress is equal to zero and no elastic
deformation can occur. In this paper, slip was calculated at the edge of the Hertzian contact region.

RESULTS AND DISCUSSION

Wear scars, similar to those predicted on the basis of the elastic analysis in Fig. 2 are shown in Fig. 3.
Both the locked or inner circular region and the slipped or the outer ring region can be seen in each of these
photos. The absence of surface damage in the locked region can be seen in photomicrograph (a) since
small surface scratches in the locked region were not obliterated during testing. These wear scars were
formed by loading a 12.7 mm diameter SAE 52100 steel ball against a SAE 52100 flat under 9 kg load and
subjecting the ball/flat combination to an oscillatory twisting type of motion equivalent to the amount of slip
indicated under each photo in Fig. 3. Similar wear scars were formed on the SAE 52100 ball specimens.
The outer diameter of these scars are approximately 0.3 mm and correspond to that which would be
predicted on the basis of the Hertz equation. The slip amplitudes indicated under each of the
photomicrographs in Fig. 3 were calculated at the Hertz radius from the angle of twist. These wear scars.
although they were part of a previous study (1), clearly illustrate some of the changes in wear scar charac-
teristics that are slip amplitude dependent. Photo (a) shows that surface straining or very mild oxidation can
occur at a slip of 0.1 um. Based on this measurement and wear tests at lower amplitudes, the minimum
amount of microslip capable of producing surface oxidation or straining was estimated at approximately
0.06 pm. Surface profile measurements indicated that the amount of surface damage was minimal in photos
(a) and (b) but significant in photo (c). This later photo also shows a ring of wear debris around the wear
scar. This data indicates that considerable surface damage can occur at slip amplitudes as small as 2.5Lm.

3 *
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The results of a previous analysis of these wear scars using the elastic model developed by
Deresiewics(2) indicated that the observed decrease in the radius of the locked region with increased applied
shear stress or slip would require a static coefficient of friction of 1.5. A value of 0.4 to 0.8 would seem more
reasonable for steel on steel, but it was also pointed out that this value represents a static coefficient of
friction occurring under high pressure conditions on a surface where relative slip had not previously taken
place(1). Another difficult to explain phenomena was the occurrence of a thin polished band at higher
amplitude slip. This phenomenon can be seen in photo (U) of Fig. 3. This photo is characterized by four
distinct wear regions consisting of (1) a locked region, (2) a roughened inner ring region characterized by
what appears to be a roughened surfaced, (3) a thin polished band and (4) a very dark outer ring consisting
of wear debris. Photo (d) also illustrates a clearly defined transition from an initial wear process responsible .
for the development of a roughened inner ring to a second wear process responsible for the development of
a polished band. Theory would indicate that all wear processes would be limited to that area defined by the
slipped region (i.e., that area in which the shear force exceeds the product of the coefficient of friction times
the normal force) and would not suggest any reasons to account for any abrupt wear transitions in this
region. A third finding, which was not completely explained, was the development of fine microcracks in the
slipped region. These cracks or grooves can be seen in Fig. 4. They are oriented perpendicular to the
direction of slip which suggested the onset of fatigue(1 0).

The lack of good explanations for these findings prompted further study of the effect of low amplitude
slip on the fretting process. The primary emphasis in our more recent work was to determine if the presence
of wear debris in the inner ring region might influence the normal stress distribution in the ball/flat contact
region. For example, wear debris that collects near the edge of the wear scar could result in a pressure spike
in the normal stress distribution and this could possibly result in the formation of an additional locked area.
With this in mind, a series of fretting experiments were conducted at very short durations with the intent of
eliminating or greatly reducing the effect of wear debris. Photomicrographs from this study are shown in
Fig. 5. These wear specimens were limited to 12,600 fretting cycles to reduce wear particle build-up. The
general absence of wear debris in these photomicrographs also has the advantage of clearly showing
topographical features that were not evident in the previous study. Photo (a) shows a typical wear scar
formed under low amplitude slip for a short test duration. This wear scar consists of an oxide ring corres-
ponding to the outer diameter of the Hertzian contact region. Surface profile measurements did not indicate
any measurable surface damage. The wear scar in photo (b) was produced at a higher slip amplitude and
shows evidence of surface roughening not seen in the photo (a). This surface roughening consists of small
depressions and raised areas. Photo (c) at still higher amplitude slip shows evidence of the development of a
thin polished band between the roughened inner ring and an outer ring consisting of extruded wear debris.

Amplitudes larger than those shown in Fig. 5 were found to produce wear scars that showed unusual
and difficult to explain surface characteristics. These scars show the same undamaged region and three
distinct wear regions that were previously noted in Fig. 3 but with much better resolution. These regions are
numerically labeled in photo (a) of Fig. 6. Region 1 is the locked region that would be expected on the basis
of elastic theory. Surface texture in this region is identical to the undamaged surface of the flat outside of the
contact zone. Regions 2 and 3 combined form the slipped region. Region 2 can be seen as distinct from
region 3. It forms a relatively wide, rough region that has the appearance of an inner ring. Region 3 which is
actually a very thin polished band, is clearly visible at 50OX magnification in photo (a). Region 4 defines the I

outer edge of the wear scar. In this region, photo (a) shows that the wear debris is in the form of a very thin
extruded sheet of material. This wear debris partially hides a groove that forms a ring around the wear
region. This last region can be called a ring groove region.

4
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The inner ring or region 2 can be seen more clearly in Fig. 6, photo (b) using dirferent illumination. Close
examination of photo (b) suggests the presence of numerous elongated holes. These holes also appear to
be in an axial direction or elongated in the direction of slip. This was not observed in the previous study(1)
since the larger part of that work involved testing in excess of 2 million fretting cycles. Only 12,600 cycles
were used in this study. Long testing would be expected to result in the obliteration of this pitted
appearance. Region 3 is not highly visible in photo (b). The remaining two photomicrographs in Fig. 6 focus
on the morphological features of region 2 and 3. Photo (c) is the same wear scar taken at an oblique angle.
This photo shows the morphology of the wear scar and indicates the general area shown in photo (d). This
last photo shows a close-up of the polished region taken at an oblique angle. This thin polished band,
shown in the middle region of photo (d), can be seen as a region in which the metal surface has been
flattened or polished smooth. This suggests that considerable slip had occurred in this third region. This
division of the slipped region into two distinct wear regions may be related to normal and sheer stress
distributions in that region 2 is a low slip, high stress while region 3 is a high slip, low stress area.

Ring groove formation (region 4) is more clearly seen in Fig. 7. The photomicrographs are wear scars
generated at 4.3 pm. Photos (a), (b) and (c) are of wear scars formed after 126,000 fretting cycles; photo (d)
represents 378,000 cycles. Photo (a) shows extrude wear debris over the groove. Higher magnification
photos in (b) and (c) shows the contour of the groove. The inner side of the ring groove in photo (c) can be
seen to be fairly steep. This ring groove represents an interesting phenomenon and can be probably
attributed to the interaction of a torsional force with the tensile stresses (0.13 maximum pressure) existing
outside of the Hertzian contact region. This ring groove is amplitude dependent. This dependency was
quantified by nital etching of test specimens. Examination of test specimens generated at different slip
amplitudes after nital etching indicated that the ring groove first developed at a slip amplitude of approx-
imately 1.9 pm under a 9 kg load. Studies of the effect of time on ring groove development suggest that the
outer diameter of the groove increases with time. The groove, in turn. tends to collect the wear debris
extruded out of the contact region. This debris can be seen at the bottom of the ring groove in photo (d).
Examination of wear scars formed after 2,000,000 or more fretting cycles indicates that the ring groove will
eventually become completely filled with extruded wear debris.

The general contour of the damaged region can be seen in Fig. 8. Some of these characteristics are slip
amplitude dependent while others are time dependent. At slip amplitudes less than 0.06 pm, no damage
occurs. For slip amplitudes up to 1.4 pm, surface staining occurs in the slipped region. The fourth region.
the ring groove region, appears at 1.9 pm. The slipped region divides into regions 2 and 3 at a slip amplitude
of about 2.8 pm. In addition to slip amplitude dependent characteristics, two time dependent parameters
were also observed. These time dependent characteristics were observed by conducting fretting cycles.
The first time related characteristic, the widening of the ring groove with time, was previously mentioned. The
other characteristic, which was previously interpreted as microcracks or fatigue formation, can be seen in
Fig. 4. In this figure, region 3 or the thin polished band region is no longer polished but exhibits a washboard
type of surface. This effect was not observed until after 390,000 fretting cycles. Although these microcracks
have the correct orientation for fatigue crack formation, closer observation indicates that the cracks are
shallow and their occurrence in the polished region suggests that the cracks may have been gorged out by
hard particles extruded out from the inner ring region under the influence of the pressure gradient.

One common explanation that would explain (1) a high theoretical value for the static coefficient of fric-
tion, (2) two different wear processes occurring in the slipped region, (3) the development of elongated holes
in the inner ring or region 2 and finally (4) the washboard effect found in the thin polished band of the slipped
region should provide a clue to the mechanism responsible for low amplitude fretting damage. Since SAE
52100 steel is a physical mixture of hard carbide particles embedded in a softer iron matrix, then the applica-
tion of high pressures could cause protrusion of carbides from the surface. This effect was investigated byloading a ball against a flat using a simple loading device consisting of an upper plate machined to hold the
ball specimen and a lower plate machined to hold the flat specimen. Load was applied by tightening the
bolts used in joining the two plates. This device and test specimens, at 2X magnification, are shown in Fig. 9.

5 I
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This photo was taken after the device and test specimens were metallurgically mounted, sectioned trans-
versely and polished down to exposed the Hertzian contact region. Photomicrographs of the cross-
sectioned ball on flat under actual load conditions are shown in Fig. 10. These photos at 14X and 14OX
indicated a significant surface roughening effect. Photographs, not shown in this report but at much higher
magnification, indicated that this roughening corresponded to particles about 1.3 pm in size which would
correspond to the 1.0 pm particle size expected for carbides in SAE 52100. Higher magnification studies of
this region also showed two cracks, which may be responsible for the initiation of ring groove formation,
oriented perpendicular to the surface and most probably located at the edge of the Hertzian contact region.
These tensile cracks are shown in photos (a) and (b) of Fig. 11.

Fig. 12 is a composite plot of the pressure distribution and estimates of the amounts of slip occurring in

the ball/flat contact area for applied slip amplitude of 1.9 and 3.8 pm (i.e., applied at the Hertz radius). Both
pressure and slip are plotted as a function of (a), the contact radius. Region I is the locked region, observed
in actual wear scars, which would be characterized by extremely high pressures and little if any slip.
Regions II and III would encompass the observed wear region. Region II is a high pressure region. In this
region, pressures would be sufficient to cause the carbides to protrude from the mating surfaces and cause
an interlocking of the ball with the flat. This would negate the effect of the oxide film and account for the high ,

static coefficient of friction. If a small fraction of the carbide particles on the surface of the flat are envisioned
as penetrating the softer steel matrix of the ball, then an oscillating torsional type of motion might result in .,

dislodging the particles from the surface. This would require a certain slip threshold at least a few lengths
greater than the diameter of the particle, itself. For example, in the case of experiments run at 1.9 pm, slip in ,
region II might be expected to elastically deform the matrix around the carbide but would probably not be
sufficient to result in freeing of the carbide. At 3.8 pm, sufficient plastic deformation of the steer matrix might ,
occur so as to allow the particles to work free of the surface. This would account for the observed elongated
holes. The particles would then act as an abrasive causing considerable surface damage. This damage
would be limited by the pressure gradient over the contact area which would tend to force the migration of
carbide grains out of region II.

In region Ill, pressures are not sufficient to cause matrix deformation and thus the abrasive wear,
characteristic of region II can not occur. The large amplitude slip in this region accounts for the observed
polishing action. With time the carbide particles would be extruded through this region and possibly cause
the observed washboard effect. Region IV, which actually lies outside of the contact region, is a region
characterized by moderately high tensile stress. For 9 kg load, this corresponds to 40,000 psi. This stress
would account for the tensile cracks observed in the photomicrographs of Fig. 11. The combination of this
stress with the torsional stress could account for ring groove formation.

For the most part, these observations were based on fretting tests that were designed to minimize the
influence of wear debris on wear scar characteristics. The primary findings were based on the observation of
morphological changes that were previous hidden by damage or accumulated wear debris. An original intent
of this investigation was to determine the effect of wear debris on the pressure distribution. This effect was
not as critical as previously believed. Data suggests that the radius of the locked region does decrease
slightly with time, but that the radius will reach a constant value after approximately 750,000 fretting cycles.
For example, visual inspection of a wear scar at 2 million cycles was found to be essentially identical to a
wear scar formed after 4 million cycles. These and similar observations suggest that the wear scar does
change slightly as a result of wear. The normal stress distribution appears to change in such a way that the
maximum stresses are confined to the locked region. Once this occurs, the damage pattern will remain ,
essentially constant.
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CONCLUSIONS

An investigation into factors that might contribute to unusual wear scar characteristics and possibly
contribute to a high value for the static coefficient of friction for SAE 52100 steel on itself suggests an
unusual mechanism for fretting damage under low amplitude slip conditions. From the results of our
experiments, the following conclusions can be made:

1. The surface oxidation observed at very low amplitude slip is the result of the polishing action of the
rubbing surfaces. This can occur at slip amplitudes as small as 0.06 um.

2. Under high pressure conditions. The high modulus of carbide particles relative to the iron matrix
results in the partial protrusion of carbides out of the surface.

3. Under the combination of high pressure and slightly higher amplitude slip corditions, carbide
particles appear to work free of the surface as a result of high surface stresses. The freed carbides
can then act as an abrasive and greatly accelerale the wear process. This accelerated wear can
occur at slip amplitudes as low as 2.8 pm.

4. This same combination of conditions can lead to a tensile cracking failure that encircles the ball/flat
contact area. This could lead to fretting fracture.

In summary, the three regions of damage which include (1) the inner ring region, (2) the polished ring
egion and (3) the ring groove region can be defined in terms of the relationships of normal stress to slip.
This analysis was developed from the study of a ball on flat type configuration subjected to an oscillating
torsional motion.

Similar results might be expected for extremely small slip amplitudes produced by a linear oscillatory
type motion. In either event, high amplitude slip would negate the effect of carbide protrusion since surfaces
would rapidly become worn and wear debris between the surface would retard this effect. This effect,
however, might be of importance in rolling contact bearings.
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~F

(a) 0.1 pom SLIP (3 HOURS) (b) 1.0 oam SLIP (3 HOURS)

(C) 2.5 pm SLIP (3 HOURS) (d) 4.0m SLIP 1 MINUTE)

Figure 3 - Wear scars illustrating the effect of slip amplitude on scar dimensions and type of surface damage.
Scars are on SAE 52100 steel flats at X100 magnification.
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Figure 4 - Photomicrograph showing a time dependent wear scar characteristic that resembles
microcrack formation.
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tA

(a) DAMAGE AT 1.43 pm SLIP (1 MINUTE)

(b) DAMAGE AT 1.90 pm SUP (1 MINUTE)

(c) DAMAGE AT 2.515 pm SLIP (1 MSNUW

Figure 5 - Wear scars illustrating the development of surface damage under conditions of small amplitude slip.
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